Ethylene production by higher plants (10, 27) and microorganisms (8, 22, 27 ) is now well documented. While ethylene as a plant hormone regulates many aspects of growth and development in higher plants (10), it may also be involved in plant pathogenesis (22) and in the autochemotropism of Phycomyces blakesleeanus (21). Methionine is now well established as a precuror of ethylene in higher plants (3, 12) . However, ethylene produced by static cultures of Penicillium digitatum, the most extensively studied microbial ethylene producer, was shown not to derive from methionine but from a-ketoglutarate and glutamate (8). Recent studies have demonstrated that methionine not only induces ethylene production but also is a precursor of ethylene in shake cultures of P. digitatum (6), and perhaps in Mucor hiemalis (13) Particulate and supernatant fractions for enzymic assays were prepared from mycelia. The mycelia were frozen in liquid N2, ground to powder with acid-washed sand, and extracted with buffer (100 mm Tris-HCl buffer (pH 8) and 4 mm EDTA). The homogenate was filtered with four layers of cheesecloth; and the filtrate centrifuged at 18,000g for 15 min. The material pelleted by centrifugation was taken up in the extraction buffer containing 0.7 M NaCl and sonicated. The sonicated extract was centrifuged at 18,000g for 15 min, and the supernatant preserved. This fraction is referred to as particulate fraction in the text. The first 18,000g supernatant was recentrifuged at 100,000g for 1 h in a Spinco model L ultracentrifuge. The top two-thirds of the supernatant was removed and stored at 5 C until used. This fraction is referred to as the supernatant fraction. Protein in both fractions was precipitated with 10%o tricholoroacetic acid and measured by fluorescence (4).
inhibited the low phosphate/high ethylene-producing system. Alkaline phosphatase and protein kInase activities were higher in low than in high phosphate systems. We suggest that phosphate level regulates ethylene production by P. digitatwun and that the regulation involves a phosphorylation or dephosphorylation reaction of some enzyme system associated with ethylene production. Phosphate-mediated control of ethylene production may also involve the transcriptional and translational machinery of the fungal cell. P. digitatum apparently can produce widely different levels of ethylene by different pathways, depending on culture conditions under which it is grown.
Ethylene production by higher plants (10, 27) and microorganisms (8, 22, 27 ) is now well documented. While ethylene as a plant hormone regulates many aspects of growth and development in higher plants (10) , it may also be involved in plant pathogenesis (22) and in the autochemotropism of Phycomyces blakesleeanus (21) . Methionine is now well established as a precuror of ethylene in higher plants (3, 12) . However, ethylene produced by static cultures of Penicillium digitatum, the most extensively studied microbial ethylene producer, was shown not to derive from methionine but from a-ketoglutarate and glutamate (8) . Recent studies have demonstrated that methionine not only induces ethylene production but also is a precursor of ethylene in shake cultures of P. digitatum (6) , and perhaps in Mucor hiemalis (13) , Saccharomyces cerevisiae (24) , and Escherichia coli (18) .
Although considerable information has accumulated on the biosynthesis of ethylene, regulation of ethylene production by microorganisms and higher plants remains obsecure. Chalutz et al. (7) demonstrated that Pi is a potent inhibitor of ethylene production by shake cultures of P. digitatum and that stimulation of ethylene under phosphate-limiting growth conditions was not the mechanism by which methionine induced ethylene production in similar shake cultures grown under conditions of phosphate 'On leave from the M.S. University of Baroda, India (5, 6) . Incorporation of the amino acids into material insoluble in 10%7o trichloroacetic acid was also studied as described previously (1) . Additional methods and conditions appear under legends of figures and tables. All experiments were repeated at least twice and representative experiments are presented. Radioactive isotopes were obtained from New England Nuclear.
RESULTS
Inhibition of Ethylene Production by Phosphate. Shake cultures of P. digitatum, when cultivated in a chemically defined (synthetic) medium containing 0.01 mm phosphate, a concentration l0-4 times that of the normal control medium (phosphate concentration 100 mM), produced about 100 times as much ethylene as control in 96 h (7) . With the addition of yeast extract to such cultures ethylene production was stimulated by 176-fold at 44 h and by 528-fold at 68 h (Table I ). In contrast, relatively little increase in ethylene production occurred in 4-day-old static cultures (5) and methionine-induced shake cultures (6) cultivated under conditions of phosphate limitation (Table I) . Therefore, experiments reported below were carried out on shake cultures of P. digitatum grown on synthetic medium.
Ethylene production by 4-day-old shake cultures growing under phosphate limitation was effectively inhibited by adjustment of the phosphate concentration to 0.01 or 1 mm Pi or PPi (Fig. 1) . The degree of inhibition depended on the concentration of phosphate. Initially, PPi was more effective than Pi, probably because it hydrolyzed and thus increased the phosphate concentration. Ethylene production by cultures cultivated under phosphate-limitation could be completely inhibited at any stage of growth by the exogenous addition of phosphate to a final concentration of (0.15 M). When 3-day-old mycelia from phosphate-limiting growth medium (phosphate level 0.05 mM) were aseptically transferred to fresh medium containing high phosphate (100 mM) in the absence or presence of glucose, ethylene production decreased faster than in the above experiments with the 4-day-old cultures and glucose promoted this decrease (Fig. 1, inset) . Earlier reports (6, 24) showed that glucose elevates the methionine-induced ethylene production in microorganisms. Our results indicated that in whatever way the cultures were exposed to phosphate, the net result was a strong inhibition ofethylene production and mycelial weight remained constant or increased slightly. It appeared that phosphate depletion triggered the onset of ethylene production and that phosphate addition suppressed ethylene production.
Effects of Inhibitors of Transcription and Translation. In order to ascertain whether ethylene production under phosphate-limiting conditions is regulated by de novo synthesis of the ethylenesynthesizing system, we carried out experiments in the presence of AD and CHI. We found that either ethylene was not produced or its rate of production rapidly decreased when AD or CHI (15 ,ug/ ml or 14 jig/ml final concentration, respectively) was added at hour 12, 24, 48, 72, and 96 of fungal cultivation. (Fig. 2, a-e) . Also, the inhibition of ethylene production caused by the addition of Pi to phosphate-limiting cultures was increased by the presence of AD or CHI.
Influence of Substrates for Ethylene. The effects of putative ethylene precursors on the production of ethylene by shake cultures grown in low and high phosphate media are shown in Table  II . While glutamate stimulated ethylene production as much as two times in low phosphate cultures without affecting their growth, it inhibited by 50%o the ethylene production by the high phosphate cultures. On the other hand, whereas methionine has a slight stimulatory or inhibitory effect on ethylene production by low phosphate cultures, it markedly induced ethylene production in the fungus growing in high phosphate medium (Table II) and caused about a 50%o decrease in the mycelial weight of the culture. Increased ethylene production in methionine shake cultures in high phosphate may be due to nonenzymic extracellular systems in the medium (6) . Methionine added to the cultures after 48 h Plant Physiol. Vol. 64, 1979 actually inhibited ethylene production in the low phosphate medium. Surprisingly, however, a-ketoglutartate, which along with glutamate is also a precursor of ethylene in static cultures (8, 27) , strongly inhibited ethylene production in shake cultures growing under conditions of phosphate-limitation (data not shown).
In order to test which of these substrates is incorporated into ethylene by the fungus, we studied the incorporation into ethylene of [ After 1 and 2 hr, the gaseous, labeled ethylene was collected and assayed as previously described (5, 6) . Also after 2 hr, incorporation of label into total mycelial protein (material insoluble in hot 10% trichloroacetic acid) was determined. (7) showed phosphate-mediated inhibition of ethylene production is accompanied by a rapid increase in ATP level of fungal cells. We do not know whether this increase in ATP level leads to inhibition of ethylene production. We did suggest (7) that ATP level may control the phosphorylation/dephosphorylation of proteins, such as the enzyme(s) in the ethylene-synthesizing system. To test this possibility we determined the levels of alkaline phosphatase and protein kinase in phosphate-limiting and sufficient cultures and in those phosphate-limiting cultures to which more phosphate was added exogenously. The alkaline phosphatase activity in the supernatant fraction prepared from high phosphate cultures was less than one-fourth the prepared from low phosphate cultures (Table  IV) . Also, alkaline phosphatase activity decreased markedly with time in ethylene-producing, low phosphate-grown (0.001 mM) cultures to which phosphate (100 mM) was added (data not shown). Table IV shows that protein kinase activities with endogenous substrates were higher in both particulate and supernatant fractions of the low phosphate system compared with the high phosphate system. The ratio of particulate to supernatant enzyme activities in these assays was lower for the low phosphate than for the high phosphate system with endogenous substrates. However, protein kinase activity of the particulate fraction prepared from low phosphate cultures was considerably higher when assayed with than without exogenously supplied substrate (casein These data show that under phosphate-limiting conditions, which induce high production of ethylene, the cells of P. digitatum contain high levels of protein kinase and alkaline phosphatase, but that addition of phosphate inhibits ethylene production and decreases protein kinase and alkaline phosphatase activities.
DISCUSSION
Ethylene production by statically grown P. digitatum was previously (8) shown to derive from glutamate of a-ketoglutarate, but not from methionine, the precursor in higher plants (11, 27) . Chalutz et al. (6) demonstrated that methionine is also a precursor (and an inducer) of ethylene production by the fungus in shake cultures. Similarly, shake cultures of M. hiemalis (13) and S. cerevisiae (24) have been shown to produce ethylene from methionine, but possibly by extracellular, artifactual systems. The data presented in this report indicate the existence of yet another, hitherto unknown, pathway of ethylene biosynthesis in shake cultures of P. digitatum. This pathway appears to utilize glutamate as a precursor, is greatly influenced by phosphate concentration, and differs from the one induced by methionine (6). Apparently, P. digitatum can be made to produce ethylene by different pathways, depending upon the cultural conditions.
Our data indicate that phosphate concentration regulates ethylene produced by shake cultures of P. digitatum. Ethylene production by the fungus grown under conditions of phosphate limitation could be inhibited completely by exogenous phosphate. This suggests that phosphate depletion triggers the onset of ethylene production. The high production of ethylene under phosphate-limiting conditions may involve derepression of an ethylene-synthesizing enzyme system in the fungal cells. This view is supported by the effectiveness of CHI and AD as inhibitors, the negligible production of ethylene under conditions of high phosphate, the existence of a lag period (7) , and the rapid and pronounced inhibition of ethylene upon addition of exogenous phosphate.
Ethylene production by low phosphate cultures was stimulated by glutamate, and the cultures incorporated labeled glutamate into labeled ethylene. These findings might suggest that the pathway of ethylene production in shake cultures is similar to the one in static cultures (8) . However, this does not seem to be so, since a-ketoglutarate, which like glutamate is a precursor of ethylene produced by static cultures of P. digitatum, strongly inhibited ethylene production by the shake cultures under phosphate-limiting conditions. Moreover, the ethoxy rhizobitoxine analog inhibited ethylene production by static cultures (5), but not by shake cultures. As in static cultures (5), the methoxy analog of rhizobitoxine inhibited the incorporation of [3H]glutamate into ethylene by P. digitatum in shake cultures.
Phosphate may regulate ethylene production, just as it has been shown to regulate the formation of secondary fungal metabolites (25) . The mechanisms(s) underlying regulatory effects of Pi in microorganisms may have some common features. A common observation has been the presence of higher amounts of phosphatase in cultures grown under phosphate-limiting than in phos-phate-sufficient conditions (17, 25) . Martin and Demain (14) showed that addition of phosphate concentrations which inhibited candicidin synthesis had no effect on protein synthesis as determined by incorporation of leucine. Later they reported (15) that the phosphate-mediated effect may have been associated with the level of intracellular ATP, which rapidly increased after phosphate addition. We have also reported (7) that a sharp rise in the intracellular ATP level accompanies inhibition of ethylene, and that the level of alkaline phosphate decreases sharply (Table IV) .
However, our short term experiments showed that [ Hlglutamate and [ "Cimethionine were incorporated differentially into protein under conditions of phosphate limitation. This observation, along with other data presented above, suggest that phosphate mediation control of ethylene production also involves the transcriptional and translational machinery of the cells.
It is possible that the intracellular ATP level which dramatically increases after phosphate addition (7) has a regulatory effect. Among other reactions, ATP may control the phosphorylation/ dephosphorylation of proteins, such as the ethylene-synthesizing enzyme, in the low phosphate system, as it does in other systems (9, 20) . The affinity of cyclic AMP for protein kinase has been shown to decrease markedly with increasing concentrations of ATP (19, 20) . ATP is also known to inactivate adenylate cyclase (19) . Our data on the relation between phosphate concentrations and changes in protein kinase activities in particulate and supernatant fractions provide some circumstantial evidence for the association of protein kinase activities with the control of ethylene synthesis. Further work is needed to establish whether the levels of intracellular cyclic AMP, ATP, and protein kinases are related to the ethylene synthesizing capacity of P. digitatum.
